The oncogenic isoform of HER2, HER2D16, is expressed with HER2 in nearly 50% of HER2 positive breast tumors where HER2D16 drives metastasis and resistance to multiple therapeutic interventions including tamoxifen and trastuzumab. In recent years microRNAs have been shown to influence multiple aspects of tumorigenesis and tumor cell response to therapy. Accordingly, the HER2D16 oncogene alters microRNA expression to promote endocrine resistance. With the goal of identifying microRNA suppressors of HER2D16 oncogenic activity we investigated the contribution of altered microRNA expression to HER2D16 mediated tumorigenesis and trastuzumab resistance. Using a gene array strategy comparing microRNA expression profiles of MCF-7 to MCF-7/HER2D16 cells, we found that expression of HER2D16 significantly altered expression of 16 microRNAs by 2-fold or more including a 4.8 fold suppression of the miR-7 tumor suppressor. Reestablished expression of miR-7 in the MCF-7/HER2D16 cell line caused a G1 cell cycle arrest and reduced both colony formation and cell migration activity to levels of parental MCF-7 cells. Suppression of miR-7 in the MCF-7 cell line resulted in enhanced colony formation activity but not cell migration, indicating that miR-7 suppression is sufficient to drive tumor cell proliferation but not migration. MiR-7 inhibited MCF-7/ HER2D16 cell migration through a mechanism involving suppression of the miR-7 target gene EGFR. In contrast, miR-7 inhibition of MCF-7/HER2D16 cell proliferation involved a pathway where miR-7 expression resulted in the inactivation of Src kinase independent of suppressed EGFR expression. Also independent of EGFR suppression, reestablished miR-7 expression sensitized refractory MCF-7/ HER2D16 cells to trastuzumab. Our results demonstrate that reestablished miR-7 Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. The microRNA array data presented in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE62848 (http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc5GSE62848). expression abolishes HER2D16 induced cell proliferation and migration while sensitizing HER2D16 expressing cells to trastuzumab therapy. We propose that miR-7 regulated pathways, including EGFR and Src kinase, represent targets for the therapeutic intervention of refractory and metastatic HER2D16 driven breast cancer.
Introduction
Breast cancer is the most commonly diagnosed cancer in North American women and the second leading cause of cancer related deaths. At least five different molecular breast cancer subtypes have been identified and each subtype is associated with significantly different patient outcomes [1, 2] . The HER2 positive subtype represents 20-30% of breast cancers and patients with HER2 positive tumors have the shortest overall survival. Furthermore, patients with tumor expression of an activated and presumably highly oncogenic HER2 receptor have an even worse prognosis [3] .
One tumor specific event that results in clinical activation of HER2 is expression of the alternatively spliced and constitutively active HER2D16 isoform. HER2D16 is co-expressed with HER2 in nearly 50% of HER2 positive breast tumors [4] . Significantly, 90% of patients with tumor expression of HER2D16 present with disseminated metastatic disease. In contrast, breast tumors that overexpress wild-type HER2, but lack detectable HER2D16 expression, are significantly associated with favorable clinicopathological markers including lymph node negative cancer [4] . When overexpressed in breast tumor cells, HER2D16 promotes resistance to multiple endocrine therapies [5, 6] , as well as, the HER2 targeted therapy trastuzumab [4] . These clinical and experimental observations suggest that HER2D16 expression drives HER2 positive breast cancer to an aggressive and therapeutic refractory metastatic disease. Although the molecular basis of HER2D16 oncogenic activity remains to be deciphered, recent studies indicate that HER2D16 expression alters microRNA (miR) expression to evade therapeutic intervention [5, 6] .
MiRs are a class of short non-coding single-stranded RNAs that regulate gene expression. Specific binding of miRs to the 39 untranslated region (UTR) of target gene mRNA results in suppressed target gene translation which may also be associated with degradation of the target gene mRNA. Although miRs play key roles during normal developmental processes, deregulation of miR expression has been noted in several human cancers where miRs have been shown to have both oncogenic and tumor suppressor functions [7] [8] [9] . MiR-7 has been shown to suppress breast tumorigenesis by reducing expression of multiple target genes including epidermal growth factor receptor (EGFR) [10] , p21-activated kinase 1 (PAK1) [11] , focal adhesion kinase (FAK) [12] , and krupple-like factor 4 (KLF4) [13] . Here we show that breast tumor cells expressing oncogenic HER2D16 have reduced expression of the miR-7 tumor suppressor. Accordingly, reintroduced miR-7 expression suppressed HER2D16 oncogenic activity by inhibiting expression of EGFR and independently inactivating Src kinase.
Materials and Methods

Cell lines
MCF-7 cells were purchased from American Type Culture Collection and cultured according to their instructions. The stable MCF-7 cell line expressing pcDNA3 or the two independent cell lines expressing pcDNA3-HER2D16 and referred to here as MCF-7/pcDNA, MCF-7/HER2D16H, and MCF-7/HER2D16M1, respectively, have been described elsewhere [14] . For stable suppression of EGFR to generate the pooled MCF-7/HER2D16/EGFRKD cell line, MCF-7/HER2D16H cells were transfected with the MISSION shRNA plasmid-DNA TRCN0000121329 targeting EGFR (Sigma) or a pLKO.1 (Sigma) negative control using Fugene6 (Roche). For stable suppression of miR-7 to generate the pooled MCF-7/miR-7KD cell line, MCF-7 cells were transfected with the miRZip-7 anti-miR-7 microRNA construct MZIP7-PA-1 (System Biosciences) or the pGreenPuro Scramble Hairpin Control construct MZIP000-PA-1 (System Bioscience) using Fugene6. For stable expression of miR-7 to generate the pooled MCF-7/HER2D16H/miR-7 cell line, MCF-7/HER2D16H cells were transfected with the miR-7 expression vector MI0000263 (Origene) using the NEON Transfection System exactly as described by the manufacturer (Invitrogen). At two days post-transfection all pooled cell lines were selected for two days in 1 mg/ml puromycin (Gibco) and then maintained at 0.2 mg/ml puromycin.
Micro RNA expression profiling
Four independent total RNA samples from MCF-7/pcDNA and MCF-7/ HER2D16H cells were purified using the miRVANA RNA Isolation System (Life Technologies) according to the manufacturer's instructions and RNA integrity was confirmed using a Bioanalyzer (Agilent). Microarray assay was performed and analyzed using a service provider (LC Sciences) and LC-Science microRNA array miRHuman_11.0 which detects miR transcripts listed in Sanger miRBase Release 11.0. The microRNA array data presented in this publication have been deposited in NCBI's Gene Expression Omnibus [15] and are accessible through GEO Series accession number GSE62848 (http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc5GSE62848).
Quantification of miR-7 expression
Triplicate total RNA samples were purified using the miRVANA RNA Isolation System (Life Technologies) according to the manufacturer's instructions and RNA integrity was confirmed using a Bioanalyzer (Agilent). First-strand complementary DNA (cDNA) was synthesized from 1.0 mg of total RNA in a 20 ml reaction volume using the Superscript III First-Strand Synthesis System (Life Technologies) with a RNU44 (Applied Biosystems) or dme-miR-7 RT-primer (Applied Biosystems) exactly as described by the manufacturer. Following reverse transcription, 180 ml of water was added to the cDNA reaction and 2 ml of the diluted cDNA was used in a 20 ml TaqMan MicroRNA Assay using the RNU44 or dme-miR-7 probe set with TaqMan Universal PCR Master Mix (Applied Biosystems) in the 7500 Fast Real-Time PCR system (conditions as follows: 40 cycles of 50˚C for 2 min, 95˚C for 10 min, and 60˚C for 15 sec followed by 60˚C for 1 min), exactly as described by the manufacturer (Applied Biosystems). The CT analysis for each reaction was performed using the supplied 7500 Software v2.0.5 (Applied Biosystems) and miR-7 levels were normalized to RNU44 and relative expression was calculated using the 2 -DDCT method. 
Western blot analysis
Colony formation assay
Cells were plated at 1,000 cells per well in a 6-well plate and media was replaced every two days for 12 days total. For trastuzumab treatments, trastuzumab was added to media at 10 mg/ml and media was replaced with fresh control or trastuzumab containing media every two days during the experiment. Colonies were fixed in 100% methanol and stained with crystal violet. Colony number and diameter were calculated using a ColCount Colony Counter (Oxford Optronix) and data was analyzed using the supplied statistical software.
Cell cycle analysis
Cells were synchronized in serum-free MEM for 24 hrs and then cultured in MEM with 10% FBS for an additional 24 hrs. Trypsin treated cells were fixed in 100% ethanol overnight. Fixed cells were stained with Guava Cell Cycle Reagent (Millipore) and cell cycle was analyzed in a Guava Easy Cyte Mini Base System (Millipore) using the supplied statistical software exactly as described previously [16] .
Cell migration assay
Cell migration was determined using the xCELLigence System (Roche) with the CIM-Plate 16 and RTCA DP Instrument (Roche) according to the manufacturer's instructions. Briefly, 40,000 cells were added to the upper CIM-Plate 16 chamber in media containing 0.2% fetal bovine serum (FBS). Media with 10% FBS was added to the lower CIM-Plate 16 chamber and the CIM-Plate 16 was incubated in the RTCA DP Instrument for 48 hrs. Cell migration as a function of real-time changes in electrical impedance was monitored by the xCELLigence System. Cell Index (referred to here as Migration Index) and standard deviation of replicates were calculated using the supplied RTCA Software (Roche).
Results and Discussion
HER2D16 alters expression of multiple miRs involved in breast tumorigenesis
Clinical and experimental evidence suggests that wild-type HER2 is a relatively weak breast oncogene when compared to the aggressive therapeutic refractory phenotype associated with breast tumors expressing the constitutively active HER2D16 isoform [4] [5] [6] 17] . MiRs potentially regulate multiple properties of tumorigenesis and therapeutic response. Accordingly, we have recently shown that HER2D16 expression alters expression of miR-15a/16 and miR-342 to promote endocrine resistance of breast tumor cells [5, 6] . To investigate the potential role of miR expression contributing to HER2D16 driven tumorigenesis we compared global miR expression profiles between parental MCF-7 breast cancer cells (MCF-7/pcDNA) and a MCF-7 cell line with ectopic expression of HER2D16 (MCF-7/ HER2D16H) [4] . Probing a LC Sciences miR array containing 837 unique human miRs we found that HER2D16 expression significantly (p,0.01) altered the expression of 82 miRs ( Fig. 1A ) with 16 miRs altered by 2-fold or greater (Fig. 1B) . Of the 16 miRs altered in HER2D16 expressing cells at least three are consistent with a role in HER2D16 driven tumorigenesis. For example, we have previously shown that the suppression of miR-342-3p (the most dramatically altered miR) contributes to endocrine resistance of HER2D16 expressing breast tumor cells [6] . Upregulation of miR-125b expression has been suggested to regulate chemosensitivity of breast tumor cells [18, 19] . For the current studies we focused our attention on the 4.8 fold suppression of miR-7. Significantly, miR-7 is considered a potent tumor suppressor miR and has been shown to regulate expression of multiple target genes in breast tumor cells [10] [11] [12] [13] . Although the exact mechanism mediating HER2D16 suppression of miR-7 remains to be established our previously published data suggests that the Jumonji/ ARID1 B (JARID1B) transcriptional repressor may play a role. JARID1B is a breast oncogene most dramatically overexpressed in HER2 positive breast tumors [20] [21] [22] . We have shown that JARID1B transcriptionally represses the expression of multiple tumor suppressor miRs in breast tumor cell lines [16] . Significantly, over 90% of the JARID1B regulated miRs, including miR-7, are also similarly altered by HER2D16 expression. Although experimental validation is required, these observations raise the possibility that JARID1B transcriptionally represses multiple miRs, including miR-7, in HER2D16 expressing breast tumor cells.
MiR-7 suppresses breast tumor cell proliferation and HER2D16 driven cell migration
We have previously shown that HER2D16 expression significantly potentiates MCF-7 cell proliferation, migration/invasion, xenograft tumor formation, and resistance to multiple therapeutic interventions; whereas, expression of wild-type HER2 failed to enhance a single tumorigenic property of MCF-7 cells [4] [5] [6] 17] . Given the potent oncogenic activity of HER2D16 and the clinical association of HER2D16 with metastatic breast cancer we investigated the impact of miR-7 activity on HER2D16 driven tumorigenesis.
MiR-7 expression was suppressed by 3 to 5-fold in two independent HER2D16 expressing MCF-7 cell lines when compared to the MCF-7 parental cell line ( Fig. 2A) . Modulation of miR-7 expression had a dramatic impact on the miR-7 target gene EGFR [23] with the highest levels of EGFR expression associated with reduced levels of miR-7 in the MCF-7/HER2D16H, and MCF-7/HER2D16M1 cell lines ( Fig. 2A) . Consistent with these observations, knockdown of miR-7 expression in the MCF-7 cell line, MCF-7/miR-7KD, resulted in enhanced EGFR expression whereas reintroduced miR-7 expression in the MCF-7/HER2D16H cell line, MCF-7/HER2D16H/miR-7, resulted in suppressed EGFR expression. A similar but less dramatic impact on the miR-7 target gene PAK1 [11] was also observed in the modified MCF-7 cell lines. Altered miR-7 and EGFR expression was continuously monitored and remained stable in the MCF-7/miR-7KD and MCF-7/HER2D16H/miR-7 cell lines for greater than 20 cell passages. These results suggest that selective suppression of miR-7 and subsequent restoration of EGFR expression occurs in response to ectopic HER2D16 expression in MCF-7 cells.
We next determined the impact of altered miR-7 expression levels on breast tumor growth in a colony formation assay. Consistent with previous reports [4] expression of HER2D16 in the MCF-7 cell line had a significant impact on colony number and diameter (Fig. 2B ). In concordance with its role as a tumor suppressor, reestablished miR-7 expression to generate the MCF-7/HER2D16H/ miR-7 cell line significantly reduced the number and diameter of MCF-7/ HER2D16H colonies to levels equivalent to the MCF-7/pcDNA cell line (Fig. 2B) . Conversely, suppression of MCF-7 miR-7 expression to generate the MCF-7/miR-7KD cell line resulted in a significant increase in colony number to levels equivalent to ectopic expression of HER2D16 (Fig. 2B) . We investigated the mechanistic basis of miR-7 tumor suppressor activity by performing cell cycle analysis. We observed a significant increase in cells arrested at G1 of the cell cycle with lower levels of S phase cells in the MCF-7/pcDNA and MCF-7/HER2D16/ miR-7 cell lines both with enhanced expression of miR-7 (Fig. 2C) . In contrast, G1 arrest is released in the MCF-7/miR-7KD and MCF-7/HER2D16 cell lines with suppressed miR-7 expression and these cells exhibit an increase in S phase cells (Fig. 2C) . Cell cycle analysis suggests that miR-7 suppresses tumor cell growth by inducing a G1 arrest with a concomitant reduction in proliferating S phase cells. This result corroborates a recent study that described a similar G1 arrest when miR-7 was expressed in Chinese hamster ovary (CHO) cells [24] . Taken together our results indicate that suppression of miR-7 is both necessary and sufficient to promote cell cycle progression and significantly enhance colony formation of breast tumor cells.
We have previously shown that ectopic expression of HER2D16 induces a dramatic migration/invasion phenotype in the non-invasive MCF-7 cell line [4] . To determine if altered miR-7 expression regulates MCF-7 cell migration we performed an xCELLigence migration assay on cell lines with altered miR-7 expression. Our results indicate that suppression of miR-7 expression in the MCF-7/miR-7KD cell line is not sufficient to promote MCF-7 cell migration (Fig. 2D) . Consistent with our previous observations HER2D16 expression in the MCF-7/ HER2D16H cell line caused a significant increase in MCF-7 cell migration (Fig. 2D) . Interestingly, reestablished expression of miR-7 in the MCF-7/ HER2D16H/miR-7 cell line completely abolished cell migration and reduced the migration index to levels observed for parental MCF-7 cells (Fig. 2D) . These results indicate that suppression of miR-7 is necessary but, in contrast to tumor cell proliferation, not sufficient to promote breast tumor cell migration.
MiR-7 regulates multiple oncogenic pathways that influence HER2D16 driven cell proliferation and migration
We investigated the impact of altered miR-7 expression on multiple reported gene targets including FAK [12] , insulin-like growth factor 1 receptor (IGF1R) [25] , PAK1 [11] , and EGFR [10] , however, in our experimental system, EGFR was the only target that was consistently altered in response to modulated miR-7 expression (Fig. 2A, Fig. 3D , and data not shown). We therefore determined if EGFR is the miR-7 target gene that contributes to HER2D16 oncogenic activity. Using shRNA we inhibited EGFR expression in the MCF-7/HER2D16H cell line (MCF-7/HER2D16H/EGFRKD) (Fig. 3A) and determined the impact of suppressed EGFR expression on HER2D16 mediated colony formation and migration. Suppression of EGFR expression in the MCF-7/HER2D16H/EGFRKD cell line essentially abolished cell migration of MCF-7/HER2D16H cells reducing their migration activity to levels similar to parental MCF-7/pcDNA and MCF-7/ HER2D16H/miR-7 cells (Fig. 3B) . Surprisingly, suppression of EGFR failed to impact colony formation activity in the MCF-7/HER2D16H/EGFRKD cell line (Fig. 3C) . EGFR therefore appears to be an essential component of the HER2D16 cell migration pathway; however, EGFR signaling is dispensable for HER2D16 colony formation activity. These results indicate that although miR-7 regulation of EGFR expression significantly impacts cell migration, a different miR-7 regulated pathway(s) influences MCF-7/HER2D16H colony formation activity.
We have previously shown that Src kinase is an important effector of multiple HER2D16 oncogenic activities including cell migration/invasion and colony formation [4] . Accordingly, RNAi suppression of Src kinase expression or dasatinib inhibition of Src kinase activity results in the complete loss of HER2D16 oncogenic activity in multiple biological assays [4] . We therefore examined the influence of miR-7 on Src kinase expression and activity. A slight decrease in Src protein was observed in the miR-7 expressing cell line MCF-7/HER2D16H/miR-7 (Fig. 3D) . Src kinase is not a predicted direct target of miR-7 (www.targetscan. org) suggesting that the decrease in expression is due to indirect effects of miR-7 activity.
Interestingly, although miR-7 fails to directly target Src kinase, Src activation through phosphorylation of the regulatory Y416 was completely abolished in the MCF-7/HER2D16H/miR-7 cell line (Fig. 3D) . Src activation was however retained in the MCF-7/HER2D16H/EGFRKD cell line (Fig. 3D) indicating that the loss of Src activation in the MCF-7/HER2D16H/miR-7 cell line was not due to miR-7 suppression of EGFR. Likewise, Src activation and expression levels remained relatively low in the MCF-7/miR-7KD cell line indicating that expression of EGFR is not sufficient to activate Src kinase (Fig. 3D) .
We examined the impact of miR-7 on Src kinase activity. An important target of Src kinase activity is phosphorylation of FAK at Y576/577 [26] and as predicted this phosphorylation site is enhanced in the MCF-7/HER2D16H cell line ( Fig. 3D ; P-FAK) indicating that Src is active in this cell line. Loss of Src activation in the MCF-7/HER2D16H/miR-7 cell line also resulted in abolished Src activity as demonstrated by the loss of FAK Y576/577 phosphorylation (Fig. 3D) . Loss of EGFR resulted in intermediate levels of FAK Y576/577 (Fig. 3D) indicating that EGFR is required for maximum Src activity and FAK phosphorylation in the MCF-7/HER2D16 cell line. The reduced levels of FAK phosphorylation may explain the loss of migration associated with EGFR suppression in the MCF-7/ HER2D16H/EGFRKD cell line.
The mechanistic basis of miR-7 inactivation of Src kinase remains unclear. Common miR target prediction software (MiRanda, PicTar, and TargetScan) failed to detect a consensus miR-7 binding site in the SRC gene; however, imperfect miR-7 binding sites identified using RNAhybrid [27] were predicted to be located in the 39-UTR and 59-UTR of SRC. Although we detected robust suppression of the miR-7 target sequence using the MIR-REPORT (Applied Biosystems) reporter system, miR-7 failed to regulate the imperfect SRC miR-7 binding sites (data not shown) in the same experiment. The lack of direct Src kinase regulation by miR-7, suggests that miR-7 indirectly inactivates Src kinase in HER2D16 expressing cells through a novel miR-7 target gene or pathway. Src is activated through the actions of multiple different receptor tyrosine kinases, integrins, as well as, G-protein coupled receptors [26, 28] . It is possible that miR-7 suppresses Src activation by targeting one of these Src regulating pathways.
Taken together our results suggest that miR-7 inhibits HER2D16 induced cell migration through multiple pathways including suppression of EGFR expression and loss of Src kinase activity. MiR-7 inhibition of HER2D16 mediated cellular proliferation, on the other hand, was independent of EGFR suppression but likely involves a miR-7 regulated pathway that drives Src inactivation.
MiR-7 sensitizes refractory HER2D16 expressing cells to trastuzumab
We have previously demonstrated that ectopic expression of HER2D16 in the MCF-7 cell line promotes trastuzumab resistance [4] . In fact we consistently observe enhanced growth of HER2D16 expressing cells in response to trastuzumab, implicating trastuzumab as a HER2D16 agonist [4] . We therefore determined if trastuzumab resistance of HER2D16 expressing cells is influenced by altered expression of miR-7 or EGFR. Consistent with our previously published results [4] , trastuzumab significantly suppressed colony formation of MCF-7/ HER2.2 cells expressing wild-type HER2; whereas trastuzumab significantly enhanced colony formation of the HER2D16 expressing MCF-7/HER2D16H cell line (Fig. 4) . Suppression of EGFR expression failed to influence the response of MCF-7/HER2D16H/EGFRKD cells to trastuzumab as these cells also exhibited significantly enhanced colony formation activity in response to trastuzumab (Fig. 4) . In contrast, the MCF-7/HER2D16H/miR-7 cell line with reestablished expression of miR-7 responded to trastuzumab treatment with a significant reduction in colony formation (Fig. 4) . Importantly, miR-7 not only functions as a potent suppressor of HER2D16 tumorigenesis but also reverses HER2D16 induced trastuzumab resistance.
Conclusions
Despite the clinical use of the HER2 targeted therapy, trastuzumab, patients with HER2 positive breast tumors have the lowest disease specific survival and a significant percentage of HER2 positive patients fail to benefit from trastuzumab therapy [29, 30] . We have shown that 90% of patients with tumor expression of the HER2 isoform, HER2D16, also present with metastatic disease [4] . Furthermore, breast tumor cell expression of HER2D16 promotes trastuzumab resistance. We contend that successful treatment of HER2 positive metastatic breast cancer requires a strategy to disengage HER2D16 oncogenic signaling. To this end we show that HER2D16 suppresses expression of the miR-7 tumor suppressor and reestablished miR-7 expression significantly inhibits HER2D16 mediated tumor cell proliferation and migration and miR-7 sensitizes HER2D16 expressing cells to trastuzumab treatment (Fig. 5) .
Although tumor delivery of miRs remains a significant clinical challenge, deciphering miR regulated pathways may identify suitable targets for therapy. Our findings that miR-7 suppression of HER2D16 oncogenic activity is mediated through inactivation of Src kinase and suppression of EGFR expression (Fig. 5) implies that targeting these pathways would also suppress HER2D16 tumorigenesis. Consistent with a potential role for EGFR in HER2D16 tumorigenesis, coexpression of EGFR in breast tumors with activated HER2 is associated with significantly shorter patient survival than patients with tumor expression of activated HER2 or EGFR alone [31] . In addition, we and others have demonstrated that targeting Src kinase sensitizes trastuzumab resistant tumors [4, 32] independent of EGFR expression. Moreover, we have shown that the Src kinase inhibitor dasatinib is a potent inhibitor of HER2D16 mediated breast tumorigenesis [4] . In conclusion, our current results showing miR-7 inactivation of Src kinase further implicates Src kinase as an obligate effector of trastuzumab resistance and HER2D16 oncogenic activity (Fig. 5) . MiR-7 Suppresses HER2D16 Oncogenic Activity . EGFR expression is required for HER2D16 driven cell migration, whereas activated Src is an obligate effector of multiple HER2D16 activities including trastuzumab resistance. We propose that reactivation of miR-7 expression would represent an efficacious therapeutic strategy to suppress HER2D16 driven metastatic disease and reverse trastuzumab resistance.
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